ABSTRACT: Chemical and physical characteristics of third metacarpal bones and liver and rib soft tissue composition from feedlot steers were determined. Steers were selected (32 from each experimental location) to represent the range in slaughter weight and composition for each treatment group in three (total n = 1,088) feedlot experiments. Steers were implanted with 0, 24, 36, 48, 60, 72, 84, or 96 mg of zeranol at approximately 140 d before slaughter. Cattle at each location were fed for the same number of days and slaughtered as a group. Zeranol dose had no effect on the chemical composition of bone, liver, or rib soft tissue with the following exceptions: zeranol decreased ( P < .01) bone Ca concentration and increased ( P < .07) liver P concentration. Zeranol implantation decreased medullary cavity anterioposterior (AP) diameters and AP cortical width ( P < .08). Loads withstood by the bones up to flexure ( P < .OS) and the strain at flexure ( P < .09) were inversely related to the quadratic of zeranol dose. However, modulus of elasticity at flexure and breaking increased numerically with zeranol dose. Stress withstood by bones at flexure was greater ( P < .09) for implanted steers. Strain data indicate that metacarpals from steers receiving zeranol would exhibit less deformation upon loading to flexure ( P < .09) than controls. These data indicate that administration of intermediate doses of zeranol altered bone deposition of Ca, which resulted in modified third metacarpal physical and mechanical characteristics.
Introduction
Zeranol implants (Pitman Moore, Mundelein, IL) have been used for many years to improve rate of growth in cattle (Lemieux et al., 1990) and alter body composition so that the quantity of lean retail product (contains both edible soft tissue and bone) from a carcass increases (Byers et al., 1990) . Solis et al. ( 1987) demonstrated that serum mineral concentrations are modified when cattle are implanted with either estradioliprogesterone-or zeranol-containing implants. Burnett and Reddi ( 1983) demonstrated treatment dose at each of three experimental locations. All steers were provided ad libitum access to a high-energy finishing diet that contained no added drugs. The diets were formulated to meet all NRC (1984) requirements. A minimum of 12% protein from natural protein sources was maintained in the diets. Four steers from each treatment dose were selected at each location to represent the population range for that dose. Selection occurred 1 wk before slaughter. Steers were selected based on weight and condition score, one from the top 25%, one from the bottom 25%, and two from the middle 50%. One steer was selected from each replicate for bone, liver, and rib soft tissue sampling. The third metacarpal bone was removed from the right side of the 32 steers at slaughter for each location. A non-reconcilable identification error prevented use of bones from one experiment (Location 2); therefore, the bone data will be reported only for Locations 1 and 3.
Bones were placed in sealed plastic bags, frozen, and transported to Texas A&M University and stored frozen (-20°C) until analyzed. Before testing, each bone was cleared of adherent tissues, weighed, and measured for length and anterioposterior ( A P ) and lateromedial ( L M ) diameters using a dial caliper. Bone mechanical properties were tested during bending with three-point loading across a 10.2-cm span using an Instron Universal Testing Machine (Instron, Canton, MA). Force deformation curves were recorded on a strip chart recorder. Rate of loading was 2.54 mmimin with a full scale force of 2,272.7 kg. Broken bones were cut with a band saw at the point of breaking to expose the internal structure. The AP and LM diameters and cortical width were measured with a dial caliper. Load at flexure and breaking, modulus of elasticity, stress, and strain were calculated from the force deformation curves and the bone dimensions using the procedures of Crenshaw (1986) . The load withstood to the point of flexure represents the force that the bone can resist before irreparable damage occurs but does not take into account size or shape differences in the bone. Stress incorporates the force resisted per square centimeter of bone and the shape of the bone (Evans, 1973) . Young's modulus of elasticity represents the stiffness of the bone and incorporates load, deformation before flexure, and the cortical area of the bone (Evans, 1973) . Strain is the ratio of the original bone length to the change in length (deformation) when force is applied (Crenshaw et al., 1981) . Bones were crushed in a mechanical press and all material was recovered and ground in a laboratory mill to prepare a homogenous sample that was used for DM and ether extract analyses. The fat-free bone was ground to a fine texture and dry-ashed. Ashed duplicate samples of each bone were composited and used for mineral analyses. One-half gram samples of ashed bone were dissolved using the procedure of Hutcheson et al. ( 1992) and analyzed for Ca, Mg, and
Zn with an atomic absorption spectrophotometer (Anonymous, 1972) and for P with a spectrophotometer (Fiske and Subarrow, 1925) . Livers were removed at slaughter and weighed, and an approximately 50-g sample was removed for analysis. The liver samples were stored in sealed plastic sample cups and kept frozen until they were freeze-dried in preparation for analysis. Dried samples were ground with a laboratory mill and an aliquot was wet-digested (Sandel, 1950) for analysis of Ca, Zn, Mg, P, and Cu content using the procedures cited above. Aliquots of the dried sample were used for determination of protein and ash content. Crude protein was determined using a micro-Kjeldahl procedure (Technicon procedure #334-74A/A) to determine N content, which was multiplied by 6.25 to calculate crude protein content.
Samples of soft tissue from the 9-10-11 rib section (removed after a 24-h chill) were ground until homogenous. Crude protein content was determined using the mixed sample. Aliquots were dried and ether-extracted using diethyl ether in a Soxhlet extraction unit in preparation for mineral analysis. The ether-extracted aliquots from each steer were combined and ground before analysis for minerals. Concentrations of Ca, Mg, P, Zn, and Cu were measured after the samples were wet-digested (Sandel, 1950 ) and determined using the procedures listed above.
Data were analyzed using GLM procedures of SAS (SAS, 1985) . The model included main effects of location and treatment dose and the interaction between location and treatment level. If the interaction was not significant for a variable, it was deleted and the model was reanalyzed to test for the linear and quadratic effect of zeranol dose. When treatment was not significant as a continuous variable, LS MEANS were generated (SAS, 1985) and separated using a protected Fisher's LSD (SAS, 1985) when a significant F-test was generated by the model. Single degree of freedom contrasts (SAS, 1985) between control and treated steers were performed when a strong trend for treatment was evident, but strong treatment differences were not detected because of limited numbers of steers.
Results and Discussion
Zeranol levels of 36 mg or higher resulted in an increase ( P < .05) in hot carcass weight over controls (Byers et al., 1990) ; however, there was no effect of treatment on the weight (.79 vs .79 kg for control vs treated; P > .15) or percentage of bone (15.6 vs 15.5% for control vs treated; P > .15) in the 9-10-1 1 rib section. Hot carcass weight was 318.5, 320.2, 318.9, 323.8, 319.5, and 320.3 kg for the 36, 48, 60, 72, 84, and 96 mg zeranol doses, compared with 308.0 kg for controls. Gray et al. (1986) found that bulls implanted with zeranol (36 mg) had a reduced percentage of bone in the 9-10-11 rib section, whereas Fumagalli et al. (1989) found no effect of zeranol on the weight or percentage of bone in the carcasses of steers.
Zeranol had no effect on wet weight, length, weight: length ratio, or external LM diameter of third metacarpal bones (Table 1) . These results parallel those obtained with estradiol-implanted lambs in which no affect on metacarpal fresh weight or length were observed (Field et al., 1990) . Prichard et al. (1989) found no effect of zeranol on calf frame score, and Woods et al. ( 1990) found no effect of zeranol on hip height at weaning in steers or heifers. Bagley et al. ( 1989) found that zeranol implantation of steer calves shortly after birth resulted in increased cannon bone circumference at weaning, but shorter leg lengths. This is in contrast to the current study in which steers implanted with 24 mg or more of zeranol had 12% smaller ( P < ,051 external AP diameters than unimplanted controls. Gray et al. (1986) found that bulls implanted with zeranol had reduced femur lengths and circumference. Increasing zeranol levels in the current study reduced ( P < .08) internal (marrow cavity) AP diameter linearly. Crenshaw et al.
( 198 1) found no change in external diameters of bones from swine consuming different Ca and P levels but found a decrease in medullary diameter, similar to our results and those of Hutcheson et al. (1992) . The A p cortical widths (Table 1 ) were reduced ( P < .08) in steers receiving implants, yet when the AP cortical width was expressed as a ratio of the external AP diameter, there was no effect of zeranol treatment. These results are in contrast to those obtained from porcine somatotropin ( pST) -treated pigs, which had increased bone widths (Schricker, 1990; Goodband et al., 1993) and to those obtained from zeranol-implanted young lambs, which had increased cortical widths (Hutcheson et al., 1992) .
Percentages of dry matter, ether extract, and ash in the bones differed by location (Table 2 ) ; however, zeranol treatment had no effect on composition, mirroring responses achieved with pST treatment of swine (Goodband et al., 1993) . The interaction between location and treatment approached significance ( P = . l o ) for bone ash content. The total bone ash weight and amount of ash in each centimeter of bone was not affected (linear or quadratic) by zeranol treatment (Table 31 , but in a single degree of freedom contrast between control and all zeranol-implanted steers, the weight of ash per centimeter of metacarpal bone length was increased ( P = .06) by zeranol (11.4 vs 11.9 gicm for control and treated, respectively). The concentration of Mg or Zn in the ash did not change with zeranol implantation and the location differences in Zn may reflect differences in diet. Steers at each location received a similar diet as far as composition of macronutrients, but the diets were formulated with regionally available feedstuffs. Therefore, the effect of location on tissue mineral content may reflect dietary differences in mineral content and availability. Bone Ca concentration responded ( P < .O 1) in a quadratic function of zeranol dose; Ca concentration decreased as zeranol dose increased to 36 mg, and Ca concentration increased with zeranol doses of 48 mg or higher (Figure 1 ). The same dose response for P concentration approached significance ( P = .11). Interestingly, these steers showed an inverse relationship between lean retail product (calculated from carcass measurements) and bone Ca and P concentration (Figure l ) . Therefore, the greatest retail product occurred with the intermediate doses of zeranol, potentially placing the growth demands for minerals higher than that bQuadratic effect of dose ( P < ,051. 'Linear effect of dose ( P < ,075) and location effect ( P < ,051.
dLinear effect of dose ( P < ,081. e9fMeans within a row without a common superscript differ ( P < ,051.
g,hMeans within a row without a common superscript differ ( P < .06). 'VdMain effect means within a row without a common superscript differ ( P < .05). e,fMain effect means within a row without a common superscript differ ( P < .001).
provided by the diet. Heddins et al. (1988) noted that mineral metabolism was altered in implanted steers, resulting in decreased serum Mg and P and higher liver Mg. Combining the results of Heddins et al. (1988) and the current experiment, we can conclude, as did Goodband et al. (19931, that the growth response associated with implants probably demands redirection of minerals away from bone deposition t o meet the higher priority requirements of enhanced soft tissue growth. Remodeling of bone would have t o occur to resolubilize hydroxyapatite so that Ca and P would be available for transport to other tissues. This could explain the differences in shape observed in these zeranol-implanted steers. A quadratic relationship ( P = .08) was found between the force at the point of flexure and zeranol dose ( Table 4) . As zeranol dose increased to 48 mg, the load at flexure decreased from 960 to 830 kg-cm, but with zeranol doses above 48 mg the load at flexure increased. This parallels the dose response observed for bone Ca concentration. The force at breaking was not affected by zeranol dose. This is in contrast to the data of Hutcheson et al. (1992) and Hufstedler et al. (1991) , who found that zeranol (12 mg) increased breaking loads in implanted lambs. Hufstedler (1991) also found a greater incidence ( 7 0 vs 0%) of breakjoint closure at slaughter in implanted lambs. The quadratic dose response of the current study indicates that dose is critical in determining the bone response to estrogenic agents, suggesting that dose-titration studies with sheep may reveal that the currently approved dose ( 12 mg) is not optimal for carcass quality and quantity. Data indicate that these steers would have been equally able to resist a force applied to their bones before the bone broke. However, most physically damaging external forces applied t o animals are not sustained, but are rapidly applied dynamic forces. Therefore, it is important to determine the ability of bones to resist forces without permanent deformation, taking into consideration the relative size of the area that would receive the force. Young's modulus of elasticity measured at flexure and at breaking increased (14 and 16%, respectively) numerically with zeranol treatment (Table 4 ). An increase in the modulus of elasticity also indicates a greater degree of mineralization of the bone (Williams et al., 1991) . This was observed in these implanted steers (Tables  3 and 41 , which had numerically greater amounts of ash (gram/centimeter) in the bone matrix. Crenshaw ( 1986) found that the modulus of elasticity increased in pigs as they aged from 5 to 10 wk, but by 15 wk the modulus of elasticity had decreased. Previous research has indicated that implanted steers are physiologically less mature than bQuadratic effect of dose ( P < ,011. 'Quadratic effect of dose approaches significance ( P = .l 1). d,eMeans within a row without a common superscript differ ( P < ,001). '%leans within a row without a common superscript differ ( P < ,051). hyiMeans within a row without a common superscript differ ( P < .01). Figure 1 . Relationship of lean retail product (Byers et al., 1990) and bone Ca and bone P concentrations to zeranol dose. Increasing zeranol dose resulted in increasing and then decreasing lean retail product (P < .05, R2 = .773) and decreasing and then increasing bone Ca (P < .01, R2 = .58) and bone P (P = .11, R2 = .36).
unimplanted steers ; thus, the Stress, another indicator of mineralization (Crencontrol steers in the current study were possibly more shaw et al., 19811, should reflect the ability of animals physiologically mature than zeranol-treated steers.
to stand for long periods without developing bone Therefore, the modulus of elasticity may have been deformations or abnormalities. There was a tendency greater in implanted steers because the expected ( P < .09) for a quadratic effect of dose on the stress at decrease in the modulus of elasticity that occurs with flexure, and a numerical increase in the stress t o age had not yet happened. breaking in the bones of steers implanted with zeranol ( Table 4) . Based on the current data, it would seem that these steers had sufficient nutrients available for mineralization, which is in concert with the data for ash content per length of bone. Because mineralization (ash/centimeter of bone) tended to be greater in zeranol-treated steers, and there was a decrease in bone Ca content, an alteration in hydroxyapatite concentration as a result of increased remodeling may have occurred. A change in the otherwise orderly crystal formation would result in reduced bone strength, which was observed in these steers (decrease in load at flexure and breaking). Strain at flexure was decreased in relation to the quadratic of zeranol dose (Table 4) . Steers receiving most zeranol doses had lower strains at flexure, again indicating that metacarpals from treated steers were able to resist applied forces before entering plastic deformation by bending more than bones from control steers. These results also point to the potential problem of altered Ca and P deposition in steers receiving the intermediate zeranol doses, which may have resulted in reduced hydroxyapatite formation in the bone protein matrix. Data for the strain at breaking varied with dose and resulted in no significant location or treatment effects.
Zeranol treatment did not affect liver protein or ash content, but ash content did vary with location (Table   5 ). There was no significant interaction ( P > .5) between location and treatment for liver mineral concentrations except for Fe (Table 6) ; concentrations of Fe in Location 2 were elevated ( P < . 0 5 ) with implantation in comparison to those of steers from Locations 1 and 3. Liver ash percentage was lower for steers at Location 1 than at Location 3. Liver Ca was greatest at Location 1, Mg concentration was lowest for steers at Location 2, and liver Cu was highest for steers from Location 2. Only P was increased ( P < .06) by zeranol treatment (Table  5) . Zeranol implants had no effect on the percentages of water, protein, or ether extract in rib soft tissue (Table 71 , although location had an effect on protein content. There was no effect of zeranol treatment on mineral concentrations in rib soft tissue, even though there was a uniform numerical increase in Ca concentration with all zeranol doses. Goodband et al. (1990) found that longissimus muscle P concentration increased in pST-treated pigs, a result not observed in these zeranol-treated steers.
Implications
At intermediate doses of zeranol, the Ca and P concentrations were reduced as a percentage of ash in bone, leading to the same quadratic pattern being observed in force and strain at flexure of bone. The data suggest that zeranol regulates soft tissue and calcified tissue in a coordinated fashion. Further work must be conducted with increased numbers of animals to determine the dietary requirements for Ca and P of zeranol-implanted steers so that demands for elevated soft tissue growth and bone mineralization can be met.
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